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Abstract: Aquaculture makes a crucial contribution to global food security and protein intake and is
a basis for many livelihoods. Every second fish consumed today is produced in aquaculture systems,
mainly in land-based water ponds situated along the coastal areas. Satellite remote sensing enables
high-resolution mapping of pond aquaculture, facilitating inventory analyses to support sustainable
development of the planet’s valuable coastal ecosystems. Free, full and open data from the Copernicus
earth observation missions opens up new potential for the detection and monitoring of aquaculture
from space. High-resolution time series data acquired by active microwave instruments aboard
the Sentinel-1 satellites and fully automated, object-based image analysis allow the identification of
aquaculture ponds. In view of the diversity and complexity in the production of aquaculture products,
yield and production varies greatly among species. Although national statistics on aquaculture
production exist, there is a large gap of pond-specific aquaculture production quantities. In this
regard, earth observation-based mapping and monitoring of pond aquaculture can be used to estimate
production and has great potential for global production projections. For the deltas of the Mekong
River, Red River, Pearl River, and Yellow River, as one of the world’s most significant aquaculture
production regions, we detected aquaculture ponds from high spatial resolution Sentinel-1 Synthetic
Aperture Radar (SAR) data. We collected aquaculture production and yield statistics at national,
regional and local levels to link earth observation-based findings to the size, number and distribution
of aquaculture ponds with production estimation. With the SAR derived mapping product, it is
possible for the first time to assess aquaculture on single pond level at a regional scale and use that
information for spatial analyses and production estimation.
Keywords: aquaculture; sentinel-1; coastal zone; earth observation; food security
1. Introduction
1.1. Relevance of Aquaculture for Global Food Security
Rising global demand for aquatic protein, such as fish, crustaceans and mollusks, high income
and substantial profit potentials made a key contribution to the almost fivefold increase in global
aquaculture production from 13 million tons in 1990 to 76 million tons in 2015 (see Figure 1) valued
at USD 158.1 billion [1]. Over the same period, the contribution of aquaculture to the global fish
production has increased from about 13 percent to 45 percent. With an average annual growth rate
of 6.7 percent [1], aquaculture became the world’s fastest growing animal food production sector;
a major source of essential fatty acids and animal protein [2,3]. Aquaculture is gaining increased
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international attention in matters of future nutrition and food security of the world population [4–6].
Worldwide average fish consumption (see Figure 2) per capita almost doubled from 10 kg in the 1960s
to 19 kg in 2013 [7,8] and an increasingly large share of fish and other aquatic organisms entering
global markets stems from farming in ponds, cages, and net systems [2,6]. Aquaculture, therefore,
had a mitigating effect on the declining availability of capture fisheries [9] and has the potential to
substantially grow the supply of farmed fish in coming decades [10,11].
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Figure 1. Global aquaculture production (excluding photosynthetic organisms) in freshwater, brackish
water and marine culture systems. Data source: [1].
The rapid growth of aquaculture had positive economic and social impacts in many countries,
contributing to the generation of income and employment for millions of people. On the other
hand, aquaculture caused significant environmental degradation in the coastal zone around the globe.
Aquaculture needs space and is a main driver of deforestation [12–14] and water pollution [15,16].
The input of external feeds and antibiotics leads to the destruction of ecosystems [7,17,18] and adversely
impacts the health of our planet’s coastal ecosystems. Mangroves, tidal flats, and creeks are most
affected. This primarily includes all low-lying coastal areas and river deltas around the world
and, in particular, in the tropical and sub-tropical regions of Asia where the majority of species
farmed are grown in ponds [19,20]. In 2015 freshwater aquaculture accounted for about 62 percent of
global production quantity (see Figure 1). Within freshwater aquaculture, land-based ponds are the
predominant culture systems in fish and shrimp farming in Asia [19,21].
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Food security is a major policy priority across governments, non-governmental institutions,
and international organizations such as the Food and Agriculture Organization (FAO) and the World
Food Programme (WFP) of the United Nations, The World Bank (WB), or the International Fund for
Agricultural Development (IFAD) [23]. Globally, fish and other aquatic food products provide more
than 17 percent of all animal protein to the planet’s population [23–25]. Maintaining production and
supply of aquatic food is crucial to meet rising global demands for protein-rich fish and seafood for
the next decades [10].
1.2. Sustainability and Challenges in the Context of Global Change
The global human population is expected to exceed 9 billion by 2050 [26] and will increase the
pressure on the food sectors to increase production [10]. Meeting the food and nutrition needs of a
growing global population will create greater competition for land, water, and energy resources [11,27].
However, maintaining supplies of resources for aquatic products is a major challenge particularly in
the face of global climate change [25]. World aquaculture production will be increasingly vulnerable
to global warming and its impacts: sea level rise, a changed water balance and freshwater supply,
increased frequency of extreme weather events (floods, droughts, storms) and disease outbreaks are
major challenges to the sustainability of future aquaculture [7,28,29].
In estuarine and marine environments, nutrient pollution, disease spread, and the use of capture
fish in feed threaten the economic stability and environmental sustainability of aquaculture [30].
The expansion of aquaculture has already limited land availability in low topography coastal areas
leading to increased land-use competition for urban areas, wetlands and freshwater resources [31].
In this context, the FAO expressed concern for the future growth of inland aquaculture given
higher demand on land availability, freshwater resources, and urbanization [32]. However,
continued sustainable development of aquaculture is necessary to meet future demands for fish [33].
The FAO promotes the “Blue Growth” initiative, a concept conceived at the United Nations Conference
on Sustainable Development in 2012 (Rio+20 summit). The goals of the Blue Growth Initiative are
closely aligned to the 2030 Agenda for Sustainable Development and its Sustainable Development
Goals (SDGs) and aim to better address the need for sustainable and socio-economic management
of natural aquatic resources, with an emphasis on efficient resource use in capture fisheries and
aquaculture [31,32].
Advances in hatchery production, grow-out technology, feeds, and feed-delivery systems could
increase output. Future gains may also come from better stock selection, larger-scale production
technologies, aquaculture in larger inland water bodies, and the culture of a wider range of species [27].
On the downside, intensification and higher stocking rates increase risks of disease outbreak and
intensify the consequences of an outbreak [34].
1.3. Characteristics of Aquaculture Pond Systems
In this paper, we focus on pond systems used for the farming of aquatic animals (excluding
photosynthetic organisms, e.g., aquatic plants) for four selected study areas distributed along the
coasts of China and Vietnam. Aquaculture ponds are permanently water-filled surfaces surrounded by
dams, levees, or dikes, constructed of soil or other impervious surfaces. They are typically shallow,
no deeper than 2 m [35], as aquaculture farmers need to be able to wade in the water for the application
of feed, medicine, repair, maintenance, servicing and harvesting. Although the pond system can
be used to grow aquatic plants (e.g., algae), the vast majority of ponds are utilized to cultivate a
wide range of aquatic animals such as fish, crustaceans, and mollusks [35]. Ponds usually have
a rectangular shape (see Figure 3) and their sizes vary among facilities and farmed species [35]
ranging from small-scale and subsistence-oriented aquaculture [36–38] to large-scale commercial or
industrial aquaculture [19]. External input including feed, fertilizers, water, and energy [39] is used to
increase yields and profitability and differs according to the degree of farming intensity. With their
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predominantly rectangular shape, ponds can be detected and identified with high-resolution satellite
data and image segmentation methods [40–44].Remote Sens. 2018, 10, x FOR PEER REVIEW  4 of 24 
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Sentinel-1, on the other hand, have the ability to capture the continuously water covered aquaculture
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independent of daylight and cloud cover [50]. Figure 4 illustrates the appearance of aquaculture ponds
in radar (Figure 4a–c) and optical (Figure 4d–f) imagery acquired with different sensors.
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This study highlights the opportunities of earth observation for the estimation of aquaculture yield
and production, based on time series data processing. Within the developed framework, that integrates
satellite remote sensing data and aquaculture statistics, we elucidate the potential and challenges for
the calculation of an appropriate estimate of pond production. For comparison, the area analyzed
exceeds that of the country of Iceland.
2. Study Area
We focus on four river eltas–the Mekong River Delta (MRD) and Red River Delta (RRD) in
Vietnam and the Pearl River Delta (PRD) and the Yellow River Delta (YRD) in China. In the past
30 years, these deltas have experienced rapid socio-economic transformation resulting in urbanization,
industrialization, population growth, and agricultural intensification [49,51–54]. Deregulation policies
and growing demand for aquatic food products caused unrestrained expansion of aquaculture in the
coastal zone within its suitable environments: lagoons, estuaries, and river deltas.
With the exclusion of aquatic plants from production estimates, Asia contributes 90 percent to the
global aquaculture production. China clearly dominates the aquaculture market, producing more than
47 million tons in 2015, accounting for 62 percent of the total global aquaculture volume and 48 percent
in terms of value. The Chinese provinces Shandong and Guangdong contributed the highest shares to
the national aquaculture volume (see Figure 5) and include the Pearl River Delta and Yellow River
Delta respectively. Along with Vietnam which ranks fourth in the world, these two Asian countries are
responsible for two-thirds of the world’s total aquaculture production in 2015 [40].
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Figure 5. Statistical data on aquaculture production (excluding aquatic photosynthetic organisms)
in Vietnam and China (coastal provinces) at province level in 2015 (A,D) and classified according to
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3. Earth Observation-Based Derivation of Pond Aquaculture
3.1. Earth Observation Data
We used VH-polarized Sentinel-1 C-band synthetic aperture radar (SAR) data in the
Interferometric Wide Swath Mode (IW) and GRDH format with a resolution 10 m pixel spacing
(after 5 × 1 ulti-looking). A total of over 500 Sentinel-1A/B scenes for a two-year period (September
2014 to September 2016) were collected: 192 f r the Mekong Delta, 83 f r the Red Ri er D lta, 174 for
the Pearl River Delta and 66 scenes for the Yellow River Delta. Figure 6 shows d ta volume of all
available Sentinel-1A/B GRDH scenes (in ascending and descending orbit) along the coastal zone of
China and Vietnam from launch up to October 2017, indicating that data coverage considerably varies
among regions.
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3.2. Aquaculture Assessment Framework
We developed a reliable, object-based mapping workflow for mapping aquaculture ponds (see
workflow described in Figure 7) as described in detail in Ref. [40]. We used Sentinel-1 time series
data provided by the Google Earth Engine team (https://earthengine.google.com/, [55]) which is
globally available and preprocessed using the free and open source Sentinel Application Platform
(SNAP) software. The preprocessing comprised the application of an orbit file using restituted orbits,
removal of thermal noise, and radiometric calibration to convert intensity values to the backscatter
coefficient sigma naught. In a next step terrain correction was performed with the Shuttle Radar
Topography Mission (SRTM) 30 m resolution data to correct for layover and foreshortening effects.
Depending on the total number of available acquisitions in the respective orbit directions data in either
ascending or descending mode was selected and transformed into a data cube for the subsequent
analysis. We processed more than 500 Sentinel-1A scenes for a two-year period (September 2014 to
September 2016) with a data volume of more than 700 GB. In a next step, the pixel-wise median was
calculated for the time series data cube to identify permanent and stable low scatterers (pond water)
from the dense and long temporal time series. The median of the temporal image stack (data cube)
enabled a reduction of speckle noise, which affects SAR intensity data, improving the appearance and
detection of aquaculture ponds with its narrow, elongated line structures (such as dams and levees).
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Terrain information based on digital elevation model (DEM) derived topographic features
(elevation and slope) and coastline data provided by the Institute of Geographic Sciences and Natural
Resources Research (IGSNRR), Chinese Academy of Sciences [56,57], was used to extract potential
low-lying coastal regions that are suitable for coastal pond aquaculture and exclude other water bodies
which are most likely to be confused with aquaculture ponds.
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As a preliminary step of the subsequent segmentation, a clustering-based image thresholding
method is applied to automatically discriminate water and land area and to generate binary water
masks for the separation of pond water surfaces and surrounding land area. For the detection of
aquaculture on single pond level, an object-based pond classification of the Sentinel-1 image data
cubes is performed using a connected component segmentation algorithm provided within the Orfeo
Toolbox (OTB) (see Appendix A). The algorithm applies Euclidian intensity pixel distance criterion,
object and shape properties [40].
For each study site, we performed accuracy assessment based on stratified random sampling,
distributed 100 samples per stratum (aquaculture and non-aquaculture) [40]. The proposed approach
achieved overall accuracies ranging from 0.80 in the Yellow River Delta, 0.83 in the Mekong Delta,
0.84 in the Red River Delta, to 0.88 in the Pearl River Delta, with a mean overall accuracy of 0.84.
The Pearl River Delta has a higher coverage of Sentinel-1 data than the Red and Yellow River Delta and
also shows a higher accuracy. The vast pond area required for fish and shrimp farming becomes visible
in Figure 8, illustrating the mapping results for the four large-scale delta regions located along the
Chinese and Vietnamese coasts. 3.3. Spatial Pattern of Aquaculture Ponds in the Coastal Study Sites
To enable a viable representation of the results for the complete study sites, we summarized
the pond features over a hexagonal grid and calculated the number of ponds (Figure 9A,C,E,G) and
pond area (Figure 9B,D,F,H). In Figure 9 we can identify areas with high pond density in the hexagon
plots. In the Mekong Delta and Yellow River Delta, aquaculture is mainly concentrated near the
coast, while in the Pearl River Delta (and to lesser extent also the Red River Delta) the ponds form
no distinct spatial pattern. In the Pearl River Delta, many ponds are located along the main river and
its tributaries which can be attributed with the flat relief in this area. We found a highly significant
positive correlation between pond area and pond number, indicating that as the pond area per unit
increases, the number of ponds also increases.
We calculated the number of aquaculture ponds (see Figure 10) and aquaculture pond area (see
Figure 11) for buffer rings along the coastline for each study site. The two profiles in Figure 10. Figure 11
illustrate that the highest shares of aquaculture are concentrated in close proximity to the coast (15 km
distance to the coastline) of the respective study area. Information on the spatial distribution of
aquaculture is necessary for spatial planning and development in the coastal zone at local and regional
levels. Aquaculture is in conflict with other existing or foreseeable land uses, e.g., urban development,
tourism, and traffic infrastructure, among others. The coastal zone provides large resources for millions
of people and sustainable management is essential for future development. The construction of pond
facilities, freshwater management (groundwater withdrawal) and waste discharge within aquaculture
production induces coastal erosion [58,59], subsidence [60], and salinization [17,61] and has great
impact on the environmental degradation of coastal ecosystems [12,62–64].
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4. The Potential of Earth Observation Data for Aquaculture Production Estimation
In view of the great potential of aquaculture to contribute to global food security, the estimation
of pond production quantities is an essential research objective for the coming years. Statistical
data (e.g., provided by the FAO for most countries) are available at national and sub-national levels,
though generally in limited detail, providing statistics on total aquaculture quantities. However,
detailed data on aquaculture regional statistics, its expansion and localization barely exist but is of
utmost interest.
With the approach outlined in the previous chapter, we derived the number of aquaculture
ponds and aquaculture pond area for four large-scale study areas. We collected annual statistics of
aquaculture production for all study areas at province, district and municipality levels depending on
availability. Based on the statistical information collected we matched statistical and earth observation
derived data in order to detect quantitative indicators and correlations. Using aquaculture production
and yield statistics, we estimated aquaculture production amounts for the earth observation derived
fish and shrimp ponds. With the SAR-derived product, it is possible for the first ti e to assess
aquaculture on single pond level at regional scale and use that information for spatial analyses and
production estimation.
4.1. Available Datasets
4.1.1. Global Aquaculture Production Database
The FAO Fisheries and Aq aculture Department compiles and disseminates fishery data,
structured within its data collections on capture and aquaculture statistics at a national scale (see
Table 1). Information on aquaculture production is collected annually and standardized from relevant
national offices by FAO’s Statistics and Information Service (FIPS). Data reported to the FAO are mainly
based on official government reports, supplemented by verifiable information from other sources,
including academic reviews, consultants reports and other specialist literature [65,66]. The FAO
database includes statistical datasets on annual production of capture fisheries and aquaculture since
the year 1950 for most countries, providing complete global coverage [24].
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Table 1. Aquaculture production * in Vietnam, China and global. Data source: FAO (2017).
Total (All Species) Fish Crustaceans Mollusks
Tons % WT Tons % NT % WT Tons % NT % WT Tons % NT % WT
Vietnam 3,438,378 4.5 2,606,272 75.8 5.0 612,038 17.8 3.7 21,562 0.6 0.3
China ** 47,615,734 62.1 28,791,920 55.5 55.5 13,848,424 29.1 18.1 4,125,538 8.7 56.1
Global 76,641,026 100.0 51,907,471 100.0 16,473,112 100.0 7,351,349 100.0
* excluding photosynthetic aquatic organisms (e.g., aquatic plants); ** including Hong Kong SAR; NT = national
total; WT = world total.
4.1.2. National Aquaculture Production Statistics
China
Aquaculture statistical data at national and sub-national levels for China can be obtained from the
National Bureau of Statistics of China (NBS). This data is made available on a highly aggregated level
depicting information on total aquaculture production volumes and aquaculture area. The database
provides total production figures for the entire aquaculture sector in which all available species (and
culture systems) are compiled. On a lower administrative level statistical data are freely available from
the district statistics offices. These offices provide aggregated aquaculture production statistics on a
district level and on a more detailed level for the respective municipalities. For China we collected
statistical data on sub-district level for all municipalities that are part of the Pearl River Delta and
Yellow River Delta regions.
Vietnam
Vietnam provides statistical data on aquaculture production for fish and shrimp at national and
provincial levels via the Vietnamese General Statistics Office (GSO). Aquaculture production statistics
at district or municipality level are not publicly available but can be purchased directly from yearbooks
published by the respective administrative offices. We collected province statistical yearbooks from all
13 province statistics offices of the Mekong Delta. The province yearbooks data cover a 5-year period
and the data was translated, encoded and standardized for further use.
4.1.3. Literature
Literature is another important source of aquaculture yield estimates. Numerous publications
estimate aquaculture production and yields in local and small-scale studies, which cover a small
number of ponds. A large share of these publications incorporates shrimp or freshwater species.
We searched, summarized and standardized the most important and meaningful sources which refer
to yield estimates in various regions and present them in Table 2.
The average yield values per species shown in Table 2 have a spread that is smaller than the
difference in between the species. In this context, yield of aquaculture pond systems in Vietnam have
been comprehensively analyzed and documented. For fish (carp, tilapia) culture in pond systems
yield ranges between 3–15 t/ha/year. In extreme case, intensive catfish pond culture in the Mekong
Delta can produce 370 up to 700 t fish per hectare per year. The yield for shrimp ponds ranges
from to 6–8 t/ha/year in intensive systems, 0.4–2 t for semi-intensive systems, and less than 0.4 t for
extensive systems.
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Table 2. Yield at different aquaculture pond systems, species and regions.
Region Environment Species Yield * Source
Global general general 0.2–20 t/ha/yr [35]
Global fertilized polyculture ponds carp 3.6–14.6 t/ha/yr [35,67]
Global fertilized ponds herbivorous or omnivorous fish 3–10 t/ha/crop [35,67]
Tropics fertilized ponds nile tilapia 3.6–7.3 t/ha/yr [35]
China pond culture - 6.8 t/ha/yr [68]
Honduras semi-intensive shrimps 0.4–2 t/ha/yr [69]
Thailand - shrimps 7–8 t/ha/yr [69,70]
Vietnam - pangasius catfish 370 t/ha/crop [71]
Mekong Delta intensive culture black tiger shrimps 7 t/ha/crop [15]
Mekong Delta brackish water polyculture mud crab 0.044 t/ha/yr [72]
Mekong Delta brackish water polyculture fish 0.096 t/ha/yr [72]
Mekong Delta rice–shrimp farms fish 0.116 t/ha/yr [72]
Mekong Delta intensive pangasius catfish 300–400 t/ha/crop [73]
Mekong Delta extensive farming penaeus shrimp 0.077–0.24 t/ha/yr [72]
Mekong Delta semi-intensive or intensive systems penaeus shrimp 1.3–6.2 t/ha/yr [72]
Mekong Delta inland pond pangasius catfish 370 t/ha [74]
Mekong Delta intensively, in deep ponds catfish 450 t/ha/crop [75]
* Abbreviations: t = tons; ha = hectare; yr = year.
4.2. Regression Analysis





- External inputs (degree of intensification)
Challenges for an accurate estimation of production for aquaculture ponds arise from the diversity
of species, production systems, yield range, harvest frequency, and intensification degree in the
aquaculture sector. There is a large number of different species (e.g., shrimp, fish, mussels) produced
in various culture systems: earthen ponds, concrete ponds, recirculating aquaculture systems (RAS),
open net-pens, raceways, offshore cages. A geographical independent correlation of the average pond
size has been identified between three of the four Delta regions. While average pond size in the
Mekong, Red River and Pearl River deltas is within the range of 0.4–0.6 ha, it is many times greater
in the Yellow River Delta with 3.5 ha (see Table 3). The differences of pond size are displayed by
boxplots in Figure 12, showing the median, interquartile range and outliers of the individual variables.
Aquaculture along the coast of Northeast China (Yellow River Delta) is predominantly cultivated in
much larger ponds as compared to South China and Southeast Asia.
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Area * (in %)
Average Pond
Size * (in ha)
Mekong Delta 39,385 299,820 265,943 6.7 0.52
Red River Delta 15,541 62,289 29,940 1.9 0.56
Pearl River Delta 42,378 264,863 105,070 2.5 0.41
Yellow River Delta 7435 20,671 86,371 11.6 3.55
* Aquaculture pond object dataset derived from Sentinel-1 time series data (see Section 3.2).
Table 4 shows the total aquaculture production for the reference year 2015 which we collected
from publi statistics offices. For the Mekong D lt we collected district level data from th province
statistics offices and province level data from the dat bases of the Gen ral S atistics Office of Vietnam
for the Red River D lta. Statistics for China were obtained at county level for the respective di tricts
of the Pearl River Delta and the Dongying District covering the Yellow River Delta. The yield was
calculated on the basis of the official aquaculture production and earth observation derived pond area
for the respective study areas (see Table 4). The average yield is 27.0 tons per hectare for the Pearl
River Delta and 19.4 tons per hectare Red River Delta. For the Mekong Delta and Yellow River Delta
the yield accounts for 9.3 and 4.9 tons per hectare, respectively. The Pearl River Delta is one of the
most rapidly industrialized and urbanized economic regions in China [52] and has the highest yield
value of all four stu y sites. The rel tive low yield rate of the Yellow River Delta can be attributed
with less developed capabilities and investm nt to establish intensive aquaculture as his r gion is still
undergoing rapid transformation transition from rural agricultural ar a to industry structure [51]. The
relative difference of the calculated yield values indicates a correlation between pond productivity and
the region’s levels of economic and social development as identified by the relative difference of the
yield values shown in Table 4.
The official aquaculture production statistics were collected at district level and province level for
Vietnam and China, respectively. A positive correlation was found between the official production
statistics and the earth observation derived pond number (see Figure 13A) and pond area (Figure 13B),
determined by Spearman’s coefficient of 0.57 and 0.62. This is a close and solid correlation that confirms
the potential using the outlined earth observation-based pond aquaculture assessment approach for
the approximation of production estimates.
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Figure 13. Scatterplots correlating official aquaculture production statistics (for the year 2015; Source:
official statistics authorities, see Section 4.1.2) with the number of earth observation derived ponds
(A) and with the total area of earth observation derived ponds (B). Spearmanr = Spearman rho;
pvalue = propability value.
Table 4. Aquaculture production statistics from official authorities and derived yield for the study areas.
Study Area (in km2)
Official Aquaculture
Production * (in t) Derived Yield (in t */ha **)
Mekong Delta 39,385 2,471,327 9.3
Red River Delta 15,541 580,915 19.4
Pearl River Delta 42,378 2,836,970 27.0
Yellow River Delta 7435 419,516 4.9
* Sub-national production statistics for 2015. Data sources: province statistical yearbooks (books, Mekong Delta),
General Statistics Office of Vietnam (Red River Delta), district statistical yearbooks (online, Pearl River Delta and
Yellow River Delta). ** Earth observation derived pond area.
4.3. Best “Guesstimate” Approximation
For regions where reliable required statistical data are not available we can use empirical yield
values to estimate production for the earth observation derived pond areas. There is an appropriate
match between the mapped pond product (Figure 14A) and the official aquaculture production statistics
(Figure 14B), indicating a strong positive correlation. If no reliable statistical data exist or relevant
official statistics are unavailable, the earth observation pond product can be used to “guesstimate” the
aquaculture production. Yield estimates from lit rature are assum d to principally correspond o the
regions specific production valu s. By ap lying ssumed yield values we approximated the pond
production for the respective administrative units of the study areas (district and county). Tucker and
Hargreaves [35] provide a plausible range of global yield values (production in tons per hectare) for
pond aquaculture production estimates. Within the limits of this value range we determined yield
values for the minimum, maximum, mean, the 25th, and 75th percentile and used as a basis to calculate
a potential pond production range for the respective study areas (see Table 5).
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Table 5. Estimation of production for the earth observation derived ponds based on global yield values.
Pond Area *
(in ha)
Potential Pond Production Range (in t)
Yield Values (t/ha)
Min ** 25th Perc Mean 75th Perc Max **
0.2 t 5.2 t 10.1 t 15.1 t 20.0 t
Mekong Delta 265,943 53,189 1,369 606 2,686,024 4,002,442 5,318,860
Red River Delta 29,940 5988 154,191 302,394 450,597 598,800
Pearl River Delta 105,070 21,014 541,111 1,061,207 1,581,304 2,101,400
Yellow River Delta 86,371 17,274 444,811 872,347 1,299,884 1,727,420
* Ea th observati derived pond area; ** Global yield values; Source: Tucker and Hargreaves [35].
According to the county, district, and provincial administration boundaries, we estimated pond
aquaculture production based on earth observation derived pond area a a sel cted yield value (see
Table 5) for the four study regions. The results could also be compared (if available) with relevant
statistics from the national statistics (see Figure 15). Figure 16 shows the earth observation derived
pond production at district level (Vietnam) and county level (China) and the earth observation derived
pond area for the respective study areas.
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5. Discussion
Knowledge on the areal extent of aquaculture is important for a better conservation and
sustainable management of our planet’s coastal ecosystems and can be utilized for the derivation of
aquaculture yield and production to support food security information. With the outlined approach
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we are capable to accurately map aquaculture ponds with Synthetic Aperture Radar data and estimate
pond production based on remote sensing techniques and statistical data. Radar remote sensing
is appropriate for mapping aquaculture ponds because of the SAR specific weather-independent
monitoring capabilities, which is an advantage for cloud-prone coastal areas where aquaculture
is predominantly cultivated. In this study, we focused on active aquaculture ponds which are
predominantly water-covered all-year. Dry active ponds are difficult to determine since we do not
know whether the pond has been abandoned recently or drained on a temporary basis for restoration,
repair, or harvest. We utilized time series of satellite remote sensing imagery acquired by advanced
high-resolution SAR sensors of the Copernicus Sentinel-1 mission and achieved a mean overall accuracy
of 0.84 for the earth observation-based pond mapping. The proposed approach can be extended in
space and time, is easily transferable to other geographic regions and holds the potential for continental
and global mapping.
We found that a higher temporal coverage of Sentinel-1 data for a given location can enhance the
appearance of narrow, linear pond structures (such as dams, levees, and dikes) and therefore improve
the detection of ponds from the SAR median image. The range of different pond sizes for aquaculture
identified within the study areas refers, on the one hand, to the diversity of pond systems. On the
other hand, depending on the study area, outlines of ponds may not be completely detected if the
enclosing dams, dikes, or levees are smaller than the spatial resolution which leads to the effect that
neighboring ponds form larger connected pond objects.
For the study sites, we identified relevant commonalities in terms of average pond size and
a clear positive correlation was found between the earth observation derived pond area and pond
number with official aquaculture production statistics. We calculated the Spearman’s correlation
coefficient between the production and pond area for each study region which ranges from 0.46
for the Mekong Delta to 0.76 for the Red River Delta. The correlation between the pond number
and the production ranges from 0.43 for the Mekong Delta and to 0.71 for the Red and Pearl River
deltas. The lower correlation of the pond number and pond area in the Mekong Delta may be related
to the rather small sized and irregular shaped ponds which are harder to detect compared to the
larger and more regular ponds in the other deltas. The higher correlation for the Red and Pearl River
deltas could indicate that the specific appearance of aquaculture ponds in these regions (size and
shape) enables a better detection of pond aquaculture with our method. This relationship is helpful
in order to support relevant statistical data collections on aquaculture production more effectively.
The availability, completeness, and quality of annual statistical data are based on the reporting in the
individual countries and their statistical offices.
But how to proceed if such information is not available? Is it possible to estimate production for
regions where no statistical data is collected and provided? We estimated a spectrum of production
ranges for the earth observation derived pond area based on assumed yield values. Since a clear
correlation between the area and official production statistics exists, a reasonable and reliable estimate
within a range of reasonable production estimates can be made. For this purpose, simplifications and
approximations for determining best and reasonable estimates are based on the experience, knowledge,
and findings from studies published in other regions.
When statistical data are available, it can be used as a reference for comparing the officially
recorded production volumes with estimated production. Statistical data provides a sound basis for
estimating production volumes for the earth observation derived pond aquaculture and assessing
the reasonability of these estimates. The FAO provides a valuable, fully-documented data collection
on national aquaculture production statistics for most countries. At sub-national level (regional
or local) some countries provide detailed production figures for different species, culture systems,
and years. There is often no consistent collection of aquaculture statistics, and data are often not
standardized and thus not readily comparable with another. Other countries publish aggregated
aquaculture statistics [76] from all possible production systems (including inland pond culture, net and
pen aquaculture, and even offshore aquaculture) and do not fully reflect the diversity. Comprehensive
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in-situ data can be used complementary to the statistical data released by public authorities and
provide representative yield values.
We know that the yield has a lower and upper boundary per species which we can use to estimate
the possible range of production. The species diversity in the aquaculture sector is a challenge for
the selection of appropriate yield values for the approximation of aquaculture production. In most
cases, however, the majority of national aquaculture production accounts for only a relatively small
number of species. For instance, the aquaculture sector in Norway and Chile is clearly dominated
by salmon farming and accounts for more than 80 and 92 percent of the total national aquaculture
production [1]. The aquaculture market in the Mekong Delta of Vietnam is mainly concentrated on
shrimp and intensive pangasius catfish farming [77].
In this research, we focused on the land-based ponds, which is the most important culture system
and accounts for the largest share of total global aquaculture production and makes a significant
contribution to food and nutrition security in Asian countries. The approach could be advanced and
extended to detect also other aquaculture systems, e.g., marine offshore aquaculture which plays an
increasingly important role in the aquaculture industry in terms of trade and production. For the
mapping of (offshore) cage systems data from earth observation satellites with very high-resolution is
needed to detect the cages, visible fine net, or cage components at the water surface.
Space-based earth observation data and products have a particular potential to assist reporting
organizations and governments by providing additional, independent information for the evaluation
and assessment of statistical data to improve their estimates and thus the validity of global reported
aquaculture production volumes. Availability and comparability of aquaculture production statistics
is sometimes restricted by lack of data or limited access to existing data for some regions. In regions
for which no (reliable) statistical data are reported and/or available, earth observation has opportunity
to derive spatial aquaculture information and can fill the gap to estimate aquaculture production
volumes for non-reporting or incomplete-reporting countries.
The Copernicus Sentinel missions enable high spatial and temporal resolution mapping and
monitoring of pond aquaculture and offer high potential for the derivation of pond production
estimates. The development of new sensors with higher spatial resolution data and advanced
edge-detection and object-based methodologies can help to improve pond mapping accuracy, leading to
more precise aquaculture production estimates in the future. The synergetic use of radar and optical
earth observation data is recommended to achieve a much denser time series of satellite earth
observation data. Combining space-borne high-spatial resolution data (e.g., from the recently launched
sensors of the Sentinel-1 and Sentinel-2 missions) can provide temporally dense time series and holds
the potential to enhance the contrast of aquaculture features (e.g., dams, levees, dikes) and improve
the detection accuracy of land-based pond aquaculture and offshore cage culture systems.
Aquaculture observation from space allows identifying and mapping typical aquaculture
structures and can assist aquaculture producing countries by enabling improved estimation and
forecasting, particularly for non-reporting regions. The presented approach of production estimation
based on remote sensing derived pond data and collected statistical data can be regarded as a
first attempt for further research. Further application opportunities and potentials could arise in
following fields:
- Set up of a production estimation framework for future predictions on food security
- Create new maps, and update existing databases with new results and information
- Aquaculture pond characterization based on high-resolution optical and thermal data (algae
bloom, sediment content, water temperature)
- Assessment of ecosystem service losses due to aquaculture expansion
- Harvest loss estimation in case of disease outbreaks
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6. Conclusions
We present the first production estimation of aquaculture ponds in the coastal zone based on
earth observation data. This novel approach includes a large-scale assessment of land-based pond
systems, regression analysis, and pond production estimates based on remote sensing techniques and
statistical data. Using more than 500 Sentinel-1 scenes, open source tools and software, we developed
an object-based image processing chain to detect aquaculture ponds from smoothed time series stacks.
The radar satellite remote sensing data were processed by means of topographic masking and temporal
filtering, and aquaculture statistics at a detailed administrative level were collected, translated, encoded
and standardized. The free, full and open data policy adopted for the Copernicus Sentinel satellites has
greatly expanded earth observation opportunities for the assessment of aquaculture. Several terrabytes
of new data is added every day, extending the volume of earth observation imagery for comprehensive
satellite time series analysis in future. The presented examples reveal the potential of SAR time
series data with high temporal resolution. Statistical data on production volumes at sub-national
administrative units and pond yield statistics derived from literature were utilized to estimate
production. In combination with additional, more detailed statistical information species-specific
production estimates could be assessed. The approach can be transferred to data obtained with other
high-resolution data from imaging radar instruments such as TerraSAR-X, TanDEM-X, Radarsat-2.
Data on spatial-temporal dynamics and detailed (regional) statistics of the aquaculture sector
barely exist but are essential for sustainable natural resource management. Aquaculture is a major
policy priority across governmental and non-governmental institutions. Considering increasing
intensification in the aquaculture sector with higher use of pesticides and antibiotics, the protection
of coastal ecosystems and their resources becomes a global challenge. In view of the growing world
population and rising demand for fish and seafood, aquaculture has potential to meet the needs for a
secure food production and to provide global food security for the next generations. The assessment
of the entire aquaculture sector would require a comprehensive concept towards the development of
advanced methodologies capable of mapping culture systems other than ponds. Future research should
focus on the detection on net and cage-based aquaculture systems. A global estimation of aquaculture
production holds a large potential for a broad range of geoscientific analyses and applications.
Author Contributions: C.K. and M.O. designed the research concept. M.O. processed and analyzed the data. K.C.
helped with the EO data processing. All authors jointly discussed the results. M.O. authored the first version of
the manuscript, and C.K. and K.C. worked on successive versions of the manuscript.
Funding: This work was partially funded by the German Ministry of Education and Research (BMBF) through
the DeltAdapt project (FKZ: 031A287D).
Acknowledgments: The authors would like to thank the European Union for providing free access to Sentinel-1
radar data; the USGS for providing the free global SRTMGL1 1-arc second data; the IGSNRR for the high-resolution
coastline dataset; CNES for developing and providing the open source tool OTB; FAO for providing statistical data
on national level; the General Statistics Office (GSO) of Vietnam for providing statistical data on province level;
the municipalities of Pearl River Delta region, Guangdong Province in China and Dongying District, Shandong
Province in China for providing aquaculture statistics on municipality level. The authors would like to thank
Tuan Quoc Vo from the Can Tho University in Vietnam for the collection of province statistical yearbooks for the
Mekong Delta. In addition, we would also like to thank Xiaoping Du from the Institute of Remote Sensing and
Digital Earth (RADI), Chinese Academy of Sciences (CAS), for translating Chinese statistics into English language.
Conflicts of Interest: The authors declare no conflict of interest.
Appendix A





Remote Sens. 2018, 10, 1076 21 of 24
• seaborn 0.7.0
• Turf.js 2.0.0
• Orfeo Toolbox 5.4.0
References
1. Fisheries and Aquaculture Software (FAO). FishStatJ—software for fishery statistical time series. In FAO
Fisheries and Aquaculture Department; FAO: Rome, Italy, 2017.
2. Thilsted, S.H.; Thorne-Lyman, A.; Webb, P.; Bogard, J.R.; Subasinghe, R.; Phillips, M.J.; Allison, E.H.
Sustaining healthy diets: The role of capture fisheries and aquaculture for improving nutrition in the
post-2015 ERA. Food Pfprolicy 2016, 61, 126–131. [CrossRef]
3. Grafton, R.Q.; Daugbjerg, C.; Qureshi, M.E. Towards food security by 2050. Food Secur. 2015, 7, 179–183.
[CrossRef]
4. HLPE. Sustainable Fisheries and Aquaculture for Food Security and Nutrition. A Report by the High Level Panel of
Experts on Food Security and Nutrition of the Committee on World Food Security; FAO: Rome, Italy, 2014.
5. Troell, M.; Naylor, R.L.; Metian, M.; Beveridge, M.; Tyedmers, P.H.; Folke, C.; Arrow, K.J.; Barrett, S.;
Crepin, A.-S.; Ehrlich, P.R.; et al. Does aquaculture add resilience to the global food system? Proc. Natl. Acad.
Sci. USA 2014, 111, 13257–13263. [CrossRef] [PubMed]
6. Naylor, R.L. Oil crops, aquaculture, and the rising role of demand: A fresh perspective on food security.
Glob. Food Secur. 2016, 11, 17–25. [CrossRef]
7. Ottinger, M.; Clauss, K.; Kuenzer, C. Aquaculture: Relevance, distribution, impacts and spatial
assessments—A review. Ocean Coast. Manag. 2016, 119, 244–266. [CrossRef]
8. Fiedler, J.L.; Lividini, K.; Drummond, E.; Thilsted, S.H. Strengthening the contribution of aquaculture to
food and nutrition security: The potential of a vitamin A-rich, small fish in Bangladesh. Aquaculture 2016,
452, 291–303. [CrossRef]
9. Belton, B.; Thilsted, S.H. Fisheries in transition: Food and nutrition security implications for the global South.
Glob. Food Secur. 2014, 3, 59–66. [CrossRef]
10. Béné, C.; Barange, M.; Subasinghe, R.; Pinstrup-Andersen, P.; Merino, G.; Hemre, G.-I.; Williams, M. Feeding
9 billion by 2050—Putting fish back on the menu. Food Secur. 2015, 7, 261–274. [CrossRef]
11. Beveridge, M.C.M.; Thilsted, S.H.; Phillips, M.J.; Metian, M.; Troell, M.; Hall, S.J. Meeting the food and
nutrition needs of the poor: The role of fish and the opportunities and challenges emerging from the rise of
aquaculturea. J. Fish Biol. 2013, 83, 1067–1084. [CrossRef] [PubMed]
12. Proisy, C.; Viennois, G.; Sidik, F.; Andayani, A.; Enright, J.A.; Guitet, S.; Gusmawati, N.; Lemonnier, H.;
Muthusankar, G.; Olagoke, A.; et al. Monitoring mangrove forests after aquaculture abandonment using
time series of very high spatial resolution satellite images: A case study from the Perancak estuary, Bali,
Indonesia. Mar. Pollut. Bull. 2017, 131, 61–71. [CrossRef] [PubMed]
13. Rahman, A.F.; Dragoni, D.; Didan, K.; Barreto-Munoz, A.; Hutabarat, J.A. Detecting large scale conversion
of mangroves to aquaculture with change point and mixed-pixel analyses of high-fidelity MODIS data.
Remote Sens. Environ. 2013, 130, 96–107. [CrossRef]
14. Vo, Q.T.; Oppelt, N.; Leinenkugel, P.; Kuenzer, C. Remote Sensing in Mapping Mangrove Ecosystems—An
Object-Based Approach. Remote Sens. 2013, 5, 183–201. [CrossRef]
15. Guong, V.T.; Hoa, N.M. Aquaculture and Agricultural Production in the Mekong Delta and its Effects on
Nutrient Pollution of Soil and Water. In The Mekong Delta System—Interdisciplinary Analyses of a River Delta;
Springer: Berlin, Germany, 2012; pp. 363–393.
16. Cao, L.; Wang, W.; Yang, Y.; Yang, C.; Yuan, Z.; Xiong, S.; Diana, J. Environmental Impact of Aquaculture and
Countermeasures to Aquaculture Pollution in China. Environ. Sci. Pollut. Res. 2007, 14, 452–462.
17. Paul, A.K.; Røskaft, E. Environmental degradation and loss of traditional agriculture as two causes of
conflicts in shrimp farming in the southwestern coastal Bangladesh: Present status and probable solutions.
Ocean Coast. Manag. 2013, 85, 19–28. [CrossRef]
18. Hambrey, J.; Edwards, P.; Belton, B. An ecosystem approach to freshwater aquaculture: A global review.
In FAO Fisheries and Aquaculture Proceedings 14—Building an Ecosystem Approach To Aquaculture; Soto, D.,
Aguilar-Manjarrez, J., Hishamunda, N., Eds.; FAO: Rome, Italy, 2008; p. 231.
Remote Sens. 2018, 10, 1076 22 of 24
19. Bostock, J.; McAndrew, B.; Richards, R.; Jauncey, K.; Telfer, T.; Lorenzen, K.; Little, D.; Ross, L.; Handisyde, N.;
Gatward, I.; et al. Aquaculture: Global status and trends. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2010, 365,
2897–2912. [CrossRef] [PubMed]
20. De Silva, S.S.; Soto, D. Climate change and aquaculture: Potential impacts, adaptation and mitigation.
In Climate Change Implications for Fisheries and Aquaculture: Overview of Current Scientific Knowledge;
Cochrane, K., De Young, C., Soto, D., Bahri, T., Eds.; FAO: Rome, Italy, 2009; pp. 151–213.
21. Mischke, C.C. Aquaculture Pond Fertilization: Impacts of Nutrient Input on Production; Wiley-Blackwell:
Hoboken, NJ, USA, 2012; ISBN 9780470959220.
22. Food and Agriculture Organization of the United Nations Statistical Database (FAO). FAOSTAT; FAO: Rome,
Italy, 2017.
23. Fisher, B.; Naidoo, R.; Guernier, J.; Johnson, K.; Mullins, D.; Robinson, D.; Allison, E.H. Integrating fisheries
and agricultural programs for food security. Agric. Food Secur. 2017, 6, 1. [CrossRef]
24. Food and Agriculture Organization of the United Nations Statistical Database (FAO). The State of World
Fisheries and Aquaculture 2016; FAO: Rome, Italy, 2016.
25. Kobayashi, M.; Msangi, S.; Batka, M.; Vannuccini, S.; Dey, M.M.; Anderson, J.L. Fish to 2030: The Role and
Opportunity for Aquaculture. Aquac. Econ. Manag. 2015, 19, 282–300. [CrossRef]
26. United Nations. World Population Prospects: The 2012 Revision, Highlights and Advance Tables; Working Paper
No. ESA/P/WP.228; UN: Geneva, Switzeralnd, 2013.
27. Godfray, H.C.J.; Beddington, J.R.; Crute, I.R.; Haddad, L.; Lawrence, D.; Muir, J.F.; Pretty, J.; Robinson, S.;
Thomas, S.M.; Toulmin, C. The Challenge of Food Security. Science 2010, 327, 812–818. [CrossRef] [PubMed]
28. Brander, K.M. Global fish production and climate change. Proc. Natl. Acad. Sci. USA 2007, 104, 19709–19714.
[CrossRef] [PubMed]
29. Myers, S.S.; Smith, M.R.; Guth, S.; Golden, C.D.; Vaitla, B.; Mueller, N.D.; Dangour, A.D.; Huybers, P. Climate
Change and Global Food Systems: Potential Impacts on Food Security and Undernutrition. Annu. Rev.
Public Health 2017, 38, 259–277. [CrossRef] [PubMed]
30. Smith, M.D.; Roheim, C.A.; Crowder, L.B.; Halpern, B.S.; Turnipseed, M.; Anderson, J.L.; Asche, F.;
Bourillón, L.; Guttormsen, A.G.; Khan, A.; et al. Sustainability and Global Seafood. Science 2010, 327,
784–786. [CrossRef] [PubMed]
31. Food and Agriculture Organization of the United Nations Statistical Database (FAO). Key to Achieving the
2030 Agenda for Sustainable Development; FAO: Rome, Italy, 2016.
32. Moffitt, C.M.; Cajas-Cano, L. Blue Growth: The 2014 FAO State of World Fisheries and Aquaculture. Fisheries
2014, 39, 552–553. [CrossRef]
33. Blanchard, J.L.; Watson, R.A.; Fulton, E.A.; Cottrell, R.S.; Nash, K.L.; Bryndum-Buchholz, A.; Büchner, M.;
Carozza, D.A.; Cheung, W.W.L.; Elliott, J.; et al. Linked sustainability challenges and trade-offs among
fisheries, aquaculture and agriculture. Nat. Ecol. Evol. 2017, 1, 1240. [CrossRef] [PubMed]
34. World Bank Fish to 2030: Prospects for fisheries and aquaculture. Agric. Environ. Serv. Discuss. Pap. 2013,
3, 102.
35. Tucker, C.; Hargreaves, J. Ponds. In Aquaculture Production Systems; John Wiley & Sons, Inc.: Hoboken, NJ,
USA, 2012; pp. 191–244. [CrossRef]
36. Béné, C.; Arthur, R.; Norbury, H.; Allison, E.H.; Beveridge, M.; Bush, S.; Campling, L.; Leschen, W.; Little, D.;
Squires, D.; et al. Contribution of Fisheries and Aquaculture to Food Security and Poverty Reduction:
Assessing the Current Evidence. World Dev. 2016, 79, 177–196. [CrossRef]
37. Belton, B.; Little, D. Contemporary visions for small-scale aquaculture. In World Small-Scale Fish. Contemporary
Visions; FAO: Rome, Italy, 2011; pp. 151–170.
38. Ahmed, M.; Lorica, M.H. Improving developing country food security through aquaculture
development—Lessons from Asia. Food Policy 2002, 27, 125–141. [CrossRef]
39. Verdegem, M.C.J.; Bosma, R.H. Water withdrawal for brackish and inland aquaculture, and options to
produce more fish in ponds with present water use. Water Policy 2009, 11, 52–68. [CrossRef]
40. Ottinger, M.; Clauss, K.; Kuenzer, C. Large-Scale Assessment of Coastal Aquaculture Ponds with Sentinel-1
Time Series Data. Remote Sens. 2017, 9, 440. [CrossRef]
41. Gusmawati, N.F.; Zhi, C.; Soulard, B.; Lemonnier, H.; Selmaoui-Folcher, N. Aquaculture Pond Precise
Mapping in Perancak Estuary, Bali, Indonesia. J. Coast. Res. 2016, 75, 637–641. [CrossRef]
Remote Sens. 2018, 10, 1076 23 of 24
42. Loberternos, R.A.; Porpetcho, W.P.; Graciosa, J.C.A.; Violanda, R.R.; Diola, A.G.; Dy, D.T.; Otadoy, R.E.S. An
Object-Based Workflow Developed To Extract Aquaculture Ponds From Airborne Lidar Data: A Test Case in
Central Visayas, Philippines. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2016, XLI-B8, 1147–1152.
[CrossRef]
43. Disperati, L.; Virdis, S.G.P. Assessment of land-use and land-cover changes from 1965 to 2014 in Tam
Giang-Cau Hai Lagoon, central Vietnam. Appl. Geogr. 2015, 58, 48–64. [CrossRef]
44. Virdis, S.G.P. An object-based image analysis approach for aquaculture ponds precise mapping and
monitoring: A case study of Tam Giang-Cau Hai Lagoon, Vietnam. Environ. Monit. Assess. 2014, 186,
117–133. [CrossRef] [PubMed]
45. Pauly, D.; Zeller, D. The best catch data that can possibly be? Rejoinder to Ye et al. FAO’s statistic data and
sustainability of fisheries and aquaculture. Mar. Policy 2017, 81, 406–410. [CrossRef]
46. Campbell, B.; Pauly, D. Mariculture: A global analysis of production trends since 1950. Mar. Policy 2013, 39,
94–100. [CrossRef]
47. Kuenzer, C.; Dech, S.; Wagner, W. Remote Sensing Time Series Revealing Land Surface Dynamics: Status Quo
and the Pathway Ahead. In Remote Sensing Time Series; Springer International Publishing: Berlin, Germany,
2015; pp. 1–24.
48. Clauss, K.; Ottinger, M.; Kuenzer, C. Mapping rice areas with Sentinel-1 time-series and superpixel
segmentation. Int. J. Remote Sens. 2017, 39, 1–24. [CrossRef]
49. Kuenzer, C.; Huth, J.; Martinis, S.; Lu, L.; Dech, S. SAR Time Series for the Analysis of Inundation Patterns in
the Yellow River Delta, China. In Remote Sensing Time Series—Revealing Land Surface Dynamics; Kuenzer, C.,
Dech, S., Wagner, W., Eds.; Springer: Berlin, Germany, 2015; pp. 427–441.
50. Martinis, S.; Kuenzer, C.; Wendleder, A.; Huth, J.; Twele, A.; Roth, A.; Dech, S. Comparing four operational
SAR-based water and flood detection approaches. Int. J. Remote Sens. 2015, 36, 3519–3543. [CrossRef]
51. Ottinger, M.; Kuenzer, C.; Liu, G.; Wang, S.; Dech, S. Monitoring land cover dynamics in the Yellow River
Delta from 1995 to 2010 based on Landsat 5 TM. Appl. Geogr. 2013, 44, 53–68. [CrossRef]
52. Wei, C.; Taubenböck, H.; Blaschke, T. Measuring urban agglomeration using a city-scale dasymetric
population map: A study in the Pearl River Delta, China. Habitat Int. 2017, 59, 32–43. [CrossRef]
53. Renaud, F.G.; Kuenzer, C. The Mekong Delta System: Interdisciplinary Analyses of a River Delta; Springer: Berlin,
Germany, 2012; ISBN 9781604138795.
54. Castrence, M.; Nong, D.; Tran, C.; Young, L.; Fox, J. Mapping Urban Transitions Using Multi-Temporal
Landsat and DMSP-OLS Night-Time Lights Imagery of the Red River Delta in Vietnam. Land 2014, 3, 148–166.
[CrossRef]
55. Gorelick, N.; Hancher, M.; Dixon, M.; Ilyushchenko, S.; Thau, D.; Moore, R. Google Earth Engine:
Planetary-scale geospatial analysis for everyone. Remote Sens. Environ. 2016, 202, 18–27. [CrossRef]
56. Liu, C.; Shi, R. Boundary Data of East Asia Summer Monsoon Geo_Eco_region (EASMBND). 2015. Available
online: http://www.geodoi.ac.cn/weben/doi.aspx?Id=201 (accessed on 1 May 2017).
57. Liu, C.; Shi, R. Boundary Data of Asia Tropical Humid & Semi-Humid Eco-region (ATHSBND). 2014.
Available online: http://www.geodoi.ac.cn/weben/doi.aspx?Id=165 (accessed on 1 May 2017).
58. Nguyen, H.-H. The relation of coastal mangrove changes and adjacent land-use: A review in Southeast Asia
and Kien Giang, Vietnam. Ocean Coast. Manag. 2014, 90, 1–10. [CrossRef]
59. Sohel, M.S.I.; Ullah, M.H. Ecohydrology: A framework for overcoming the environmental impacts of shrimp
aquaculture on the coastal zone of Bangladesh. Ocean Coast. Manag. 2012, 63, 67–78. [CrossRef]
60. Higgins, S.; Overeem, I.; Tanaka, A.; Syvitski, J.P.M. Land subsidence at aquaculture facilities in the Yellow
River delta, China. Geophys. Res. Lett. 2013, 40, 3898–3902. [CrossRef]
61. Afroz, T.; Alam, S. Sustainable shrimp farming in Bangladesh: A quest for an Integrated Coastal Zone
Management. Ocean Coast. Manag. 2013, 71, 275–283. [CrossRef]
62. Peng, Y.; Chen, G.; Li, S.; Liu, Y.; Pernetta, J.C. Use of degraded coastal wetland in an integrated
mangrove–aquaculture system: A case study from the South China Sea. Ocean Coast. Manag. 2013, 85,
209–213. [CrossRef]
63. Primavera, J.H. Overcoming the impacts of aquaculture on the coastal zone. Ocean Coast. Manag. 2006, 49,
531–545. [CrossRef]
Remote Sens. 2018, 10, 1076 24 of 24
64. Spalding, M.D.; Ruffo, S.; Lacambra, C.; Meliane, I.; Hale, L.Z.; Shepard, C.C.; Beck, M.W. The role of
ecosystems in coastal protection: Adapting to climate change and coastal hazards. Ocean Coast. Manag. 2014,
90, 50–57. [CrossRef]
65. Food and Agriculture Organization of the United Nations Statistical Database (FAO). FISHSTAT. In Global
Aquaculture Production; FAO: Rome, Italy, 2014.
66. Harvey, B.; Soto, D.; Carolsfeld, J.; Beveridge, M.; Bartley, D.M. Planning for Aquaculture Diversification:
The Importance of Climate Change and Other Drivers; FAO Technical Workshop, 23–25 June 2016; FAO Fisheries
and Aquaculture Proceedings No. 47; FAO: Rome, Italy, 2017; 154p, ISBN 9789251097885.
67. Lin, C.K.; Teichert-Coddington, D.R.; Green, B.W.; Veverica, K.L. Fertilization regimes. In Dynamics of Pond
Aquaculture; Boyd, C.E., Egna, H.S., Eds.; CRC Press: New York, NY, USA, 1997; pp. 73–107.
68. Food and Agriculture Organization of the United Nations Statistical Database (FAO). World Aquaculture
2010; FAO: Rome, Italy, 2011; ISBN 9789251069974.
69. Engle, C.R.; Quagrainie, K.; Dey, M.M. Seafood and Aquaculture Marketing Handbook, 2nd ed.; John Wiley &
Sons: Hoboken, NJ, USA, 2016; ISBN 1118845501.
70. Lin, C.K. Progression of intensive marine shrimp culture in Thailand. Swimming Through Troubled Water.
Proceedings of the special session on shrimp farming. Aquaculture 1995, 95, 13–23.
71. Belton, B.; Haque, M.M.; Little, D.C.; Sinh, L.X. Certifying catfish in Vietnam and Bangladesh: Who will
make the grade and will it matter? Food Policy 2011, 36, 289–299. [CrossRef]
72. Joffre, O.M.; Bosma, R.H. Typology of shrimp farming in Bac Lieu Province, Mekong Delta, using multivariate
statistics. Agric. Ecosyst. Environ. 2009, 132, 153–159. [CrossRef]
73. Phan, L.T.; Bui, T.M.; Nguyen, T.T.T.; Gooley, G.J.; Ingram, B.A.; Nguyen, H.V.; Nguyen, P.T.; DeSilva, S.S.
Current status of farming practices of striped catfish, Pangasianodon hypophthalmus in the Mekong Delta,
Vietnam. Aquaculture 2009, 296, 227–236. [CrossRef]
74. Sinh, L.X.; Hien, L.L. Major concerns on the supply and use of striped catfish seed in Mekong Delta of
Vietnam. Vietnam Econ. Manag. Rev. 2010, 5, 61–74.
75. Lucas, J.S. Aquaculture: Farming Aquatic Animals and Plants; Wiley: Hoboken, NJ, USA, 2012;
ISBN 9781405188586.
76. Lopes, A.S.; Ferreira, J.G.; Vale, C.; Johansen, J. The mass balance of production and consumption:
Supporting policy-makers for aquatic food security. Estuar. Coast. Shelf Sci. 2017, 188, 212–223. [CrossRef]
77. Nguyen, T.P.; Truong, H.; National Aquaculture Sector Overview. National Aquaculture Sector Overview
Fact Sheets. FAO Fisheries and Aquaculture Department: Rome. Available online: http://www.fao.org/
fishery/countrysector/naso_vietnam/en (accessed on 3 May 2018).
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
